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(54) Reduced thermal process for forming a nanocrystalline silicon layer within a thin oxide layer 



(57) A process for forming a thin layer of Silicon na- 
nocrystals in an oxide layer is disclosed. The process 
comprises, on a semiconductive substrate, thermally 
oxidizing a first portion of the substrate into an oxide lay- 
er, forming Silicon ions within the layer of oxide, and 
thermally treating the Silicon ions to become the thin lay- 
er of Silicon nanocrystals. In the inventive process the 
formation of the Silicon ions is by ionic implantation of 



the Silicon ions into the oxide at an ionization energy of 
between .1 keV and 7keV, and preferably between 1 
and 5 keV. This allows the Silicon atoms to coalesce in 
a lower temperature than would otherwise be possible. 
Additionally, more than one layer of nanocrystals can be 
formed by performing more than one implantation at 
more than one energy level. Embodiments of the inven- 
tion can be used to form non -volatile memory devices 
with a very high quality having a very small size. 
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Description 

Field of the application 

[0001 ] The present invention is directed toward form- 
ing a nanocrystalline silicon layer within a thin oxide lay- 
er, and to a process for forming the nanocrystalline sili- 
con layer using a lower processing temperature than 
those processes used previously. 
[0002] More specifically, the present invention is di- 
rected toward a process for forming an oxide layer con- 
taining a continuous polysilicon layer comprising form- 
ing the oxide layer on a semiconductive substrate, in- 
troducing Silicon Ions within the oxide layer, and ther- 
mally treati ng the semiconductive substrate to cause the 
Silicon ions to become the continuous polysilicon layer. 

Prior Art 

[0003] Advanced electronics and opto-electronic de- 
vices can be fabricated using the carrier confinement 
and Coulomb blockage effects of a layer of nanometer- 
sized Silicon crystals, commonly referred to as Si quan- 
tum dots. 

[0004] References in the area of Si quantum dots in- 
clude Nanotechnology, Gregory Timp, Editor, Springer- 
Verlag, New York (1999) (and references contained 
within); as well as A Silicon nanocrystals Based Mem- 
ory, S. Tiwari et al., Appl. Phys. Lett. 68, 1377 (1996); 
The Integration of Nanoscale Porous Silicon Light Emit- 
ters: Materials Science, Properties and Integration with 
Electronic Circuitry, P.M. Fauchet, Journal of Lumines- 
cence 80, 53 (1999); and Room-Temperature Single- 
Electron Memory, K. Yano et al., IEEE Trans, on Elec- 
tronic Devices ED-41 , 1628 (1994). 
[0005] One area of electronics using Si quantum dots 
to a great success is the formation of non-volatile mem- 
ory devices. In such devices, a layer of Si quantum dots 
within a thin dielectric' layer, such as a gate oxide, is 
used in place of the more typical structure of an entire 
polysilicon layer (floating gate) formed within a thicker 
oxide. 

[0006] Examples of non-volatile memories formed by 
nanocrystalline silicon include US Patents 5,852,306 
and 5,959,896, both by Leonard Forbes and both as- 
signed to Micron Technology, Inc. 
[0007] Additionally, light emitting Silicon devices are 
being produced with a layer of Si nanocrystals that are 
embedded within a Silicon Dioxide layer. 
[0008] Forming the Si nanocrystals can be achieved 
by a variety of techniques, such as plasma-enhanced 
vapor deposition, aerosol techniques, or Si implanta- 
tion, for example. 

[0009] Several strict requirements must be met for a 
successful use of Si quantum dots in most applications. 
[0010] First, it is necessary that a localized layer of 
small (1-3 nanometer in diameter) Si nanocrystals that 
have a very uniform size distribution be formed within a 



very thin (10-40 nm) layer of Silicon Dioxide (SiO z ) that 
has excellent electronic properties. Second, the density 
of defect states at the interface between the Si nanoc- 
rystals and the SiO z must be minimal. Finally, the ther- 
5 mal temperature of the processing or annealing step 
should be as low as possible. 

[0011] This last requirement, that of a low processing 
temperature can be crucial in many applications. In par- 
ticular, for this application, the nanocrystal array should 
w be formed with a thermal process at temperatures below 
1 000° C. High temperatures are not compatible with the 
fabrication flow-chart of advanced devices. These high 
temperatures are therefore to be avoided, to the extent 
possible. 

is [0012] Until now, the only method by which this goal 
can be achieved is by depositing amorphous Silicon and 
crystallising it into polysilicon at 750° C, as disclosed in 
the K. Yano et al. article cited above. 
[0013] However, this method results in the formation 

20 of a discontinuous polysilicon layer, and the thickness 
variations in the film makes reproducibility and control 
of the process quite critical. 

[0014] On the other hand, alternative methods using 
Silicon rich oxide layers that are produced by deposition 
25 of a substechiometric oxide layer, require a thermal 
process at a temperature above 1 050 Q C in order to form 
the Si nanocrystals through the agglomeration of the ex- 
cess Silicon. 

[001 5] Thus, in the prior art there is no controlled proc- 
30 ess whereby the necessary processes can be per- 
formed in a low thermal environment. 
[0016] The technical problem at the basis of the 
present invention is that of finding a method for implant- 
ing Silicon ions into a thin oxide layer such that a sub- 
35 sequent thermal processing step can be performed 
within a low thermal budget. Additionally, the method 
must provide that the Silicon ions are implanted at a pre- 
cise depth, such that no over lateral or horizontal dis- 
persion occurs. The method must have such character- 
40 istics that overcomes the limitations and/or the draw- 
backs which, at the moment limit the methods for im- 
planting Silicon ions into a thin oxide according to the 
prior art. 

45 Summary of the invention 

[0017] The resolutive idea at the basis of the present 
invention is that of implanting into a thin oxide layer, Sil- 
icon ions by ion implantation at a low energy, such that 

so annealing needed for the formation of the nanocrystal 
can be performed at a low thermal budget. Additionally, 
Silicon ions implanted at such a low energy level have 
low incidence of horizontal or lateral dispersion. 
[0018] The present invention uses an ultra-low energy 

55 Silicon ion implantation that successfully introduces Si 
ions in an oxide layer to produce a localized layer of Si 
nanocrystals in a process that is easily integrated with 
existing semiconductor fabrication processes. 
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[0019] On the basis of such idea for a solution the 
technical problem is resolved by a method of the type 
previously indicated and defined by claim 1 . 
[0020] The characteristics and advantages of the de- 
vice according to the invention will be seen from the de- 
scription, following herein, of an embodiment given as 
an indication and not limiting with reference to the draw- 
ings attached. 

Brief Description of the Drawings 

[0021] Figures 1a, 1b and 1c are cross-sectional 
views of a silicon wafer showing steps in the inventive 
process, according to an embodiment of the invention. 
[0022] Figures 2a and 2b are electron microscopy 
photographs showing results of Silicon ions implanted 
in a Silicon Dioxide layer. 

[0023] Figure 3 is a cross sectional view of a floating 
gate memory cell formed by the process described with 
reference to figures 1a, 1b, and 1c. 

Detailed Description 

[0024] A repeatable process that creates uniform, 
small-sized and high density Si quantum dots in thin ox- 
ides or other tunnelling oxides is disclosed. 
[0025] With reference to Figures 1a, 1b and 1c, the 
example used to describe the inventive process is that 
of forming Si quantum dots in a thermally grown SiQ 2 
gate oxide. It is clear, however, to those skilled in the art 
that this method can be used for the formation of dots 
with other materials (such as for example Ge, Sn, Au, 
etc.) into various dielectric films (oxides, nitrides, etc.) 
either grown or deposited on semiconductor materials. 
Discussion of structures or processes well known to 
those skilled in the art has been abbreviated or eliminat- 
ed for brevity. 

[0026] The process steps and structures described 
below do not form a complete process flow for manu- 
facturing integrated circuits. The present invention can 
be practiced in conjunction with integrated circuit fabri- 
cation techniques currently used in the art, and only so 
much of the commonly practices process steps are in- 
cluded as are necessary for an understanding of the 
present invention. The figures representing cross-sec- 
tions of portions of an integrated circuit during fabrica- 
tion are not drawn to scale, but instead are drawn so as 
to illustrate the important features of the invention. 
[0027] The use of ion implantation at traditional ener- 
gies {i.e., higher than 20 keV) for the synthesis of local- 
ized arrays of Si nanocrystals presents two major prob- 
lems. 

[0028] First, the implanted ions are largely dispersed, 
about 14 nm for a 20 keV Si implant, which produces a 
broad depth (i.e., vertical) distribution of the excess Si. 
This results in a broad depth distribution of the nanoc- 
rystals formed when the Si quantum dots are thermally 
treated. 



[0029] Second, because the diameter of a Si quantum 
dot can only grow by accumulating excess Si atoms in 
a volume of radius V^faround the nucleus (where D is 
the diffusion coefficient of Silicon at the annealing tem- 

5 perature, and where t is the annealing time), crystalliza- 
tion will only take place when the temperature is above 
a critical value. In the prior art solutions, implanting the 
Silicon ions at the high energy implant causes a large 
spatial distribution of ions, /.e. f they are not very close 

10 to one another after implantation. Because D is very 
small (/.e., approx. 10' 16 /cm 2 even at 1100°C) and be- 
cause in these prior art solutions the distance between 
implanted Silicon ions is relatively large, temperatures 
above 1 000°C are needed In order to form nanocrystals 

15 with 1-3 nm size. Therefore, this high thermal process 
can only be used in semiconductor fabrications where 
exposure to a high temperature will not damage the cir- 
cuitry being formed. 

[0030] Third, the broad distribution of the excess Sil- 
20 icon ions results in both broad lateral and depth distri- 
bution of the nanocrystals formed after the thermal proc- 
ess. 

[0031] These above problems prevent prior art cir- 
cuits from performing at the optimum levels possible. On 

25 the contrary, in the present invention, the use of ex- 
tremely low energy (< 5 keV) Si ion implantation results 
in an extremely narrow as implanted ion concentration 
profile. For example, a 1 keV Si ion implanted into Si0 2 
has a projected depth range of only approx. 5 nm and 

30 a lateral dispersion of only 1 .5 nm. 

[0032] Furthermore, due to the reduced dispersion, 
extremely high peak Si concentration is achieved. For 
example, a peak concentration of 5 x lO^/cmS, corre- 
sponding to the atomic density of bulk Silicon, is 

35 achieved by a 1 KeV Si implant to a fluence (i.e., the 
number of implanted atoms per square area of silicon) 
of 2X 10 16 /cm2. 

[0033] In these conditions, the growth and hence the 
crystallization of the agglomerates are dominated by the 
40 coalescence of the high density of smaller Si aggregates 
found at the ion end of the range, rather than being lim- 
ited by the long range diffusion of the Silicon ions. 
[0034] This produces a considerable reduction in the 
required thermal budget, or the overall time and temper- 
as ature of the finishing steps that require heat treatment. 
In particular, the inventors have found that nanograins 
(small portions of agglomed Silicon) are already formed 
in temperatures as tow as 700°C. 
[0035] This low energy implantation forms a buried 
50 polysilicon layer within the oxide layer. 

[0036] With reference to figure la, shown is a Silicon 
semiconductor substrate 10, on which a Silicon Dioxide 
layer 12 has been grown. In a standard masking step, 
a layer of energy-sensitive material, such as a photore- 
55 sistive layer is deposited on the Silicon Dioxide layer 12. 
After partially covering, exposing and developing this 
photoresistive layer, remaining on the Silicon Dioxide 
layer 12 is a implantation block 14, a portion of which is 
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shown in Figure la, and an opening 16 is formed in the 
implantation block. Low energy Silicon ions are implant- 
ed at an energy between .1 keV and 1 OkeV, with energy 
levels between 1 keV and 5keV being preferred. At this 
energy, the Silicon ions are driven into the Silicon Diox- s 
ide layer 12 at a very specific location, between a top 
surface 1 8 and the junction of the substrate 1 0 with the 
Silicon Dioxide layer 1 2. Controlling the implantation en- 
ergy determines where the Silicon ions will be placed in 
the Silicon Dioxide layer 12. Also, at these low implan- 
tation energies, the Silicon ions are very localized, and 
do not disperse much in either a horizontal or vertical 
direction. In other words, the Silicon ions, after being 
implanted by the low implantation energy, are closely 
grouped. 

[0037] Figure 1 b shows an embodiment of the inven- 
tion where a buried polysilicon layer 20 is formed within 
the Silicon Dioxide layer 12. After the Silicon ions have 
been implanted into the Silicon Dioxide layer 12, the 
structure is heated at a low temperature, for instance 
700 - 800°C, causing excess Silicon ions to fuse into the 
buried polysilicon layer 20. 

[0038] Figure 1 c shows an embodiment of the inven- 
tion where a nanocrystal array 22 is formed within the 
Silicon Dioxide layer 12. In this embodiment, after the 
Silicon ions have been implanted, the structure is heat- 
ed to a low temperature, for instance 700 - 800°C, in the 
presence of an oxidizing agent such as an ambient at- 
mosphere containing N 2 and 0 2 . Again the vertical and 
lateral dispersion of the Silicon ions is very low when the 
Silicon ions are implanted at low energy levels. The 
heating of the structure causes the Silicon ions to group 
together in clusters, thereby forming an array of nanoc- 
rystals 22 at the desired location within the Silicon Di- 
oxide layer 12. 

[0039] Figure 2a is a scanning electron microscope 
photograph that shows the actual results of Si quantum 
dots implanted into a Silicon Dioxide layer that is 25nm 
thick. In this embodiment the Silicon ions were implant- 
ed at an energy of 5 keV and a f luence of 5 X 1 0 16 /cm2 
into the Silicon Dioxide layer. After thermal treatment, 
the resultant continuous polysilicon layer is 5 nm thick. 
[0040] Figure 2b shows the actuafresults of Si quan- 
tum dots implanted into a Silicon Dioxide layer that is 15 
nm thick. In this embodiment, the Silicon ions were im- 
planted at an implantation energy of 1 keV and a f luence 
of 2X 10 16 /cm2. Subsequent thermal treatment with ox- 
idation produces a dense array of small (1 .5nm in diam- 
eter) Si nanocrystals having a very localized position. 
[0041] The depth of the buried Silicon layer is deter- 
mined by the projected range of the ions (which can be 
changed from 2 nm for implants at 0.2 keV to 1 0 nm for 
implants at 5 keV. Note that the polysilicon layer is fully 
confined within the Si02 layer even for an extremely thin 
layer of oxide. No interaction of the excess Silicon with 
either surface or Si/Si02 interface has been observed. 
[0042] The grain size in the layer, and hence the max- 
imum dimension of the Si nanocrystals in the polysilicon 
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layer is determined by the lateral diffusion of the ion dis- 
tribution which can be as small as 3nm for a 1 keV im- 
plant. 

[0043] These continuous polysilicon layers can be 
transformed into well localized arrays of Silicon nanoc- 
rystals by performing a low temperature (e.g. 800°C for 
1 hour) oxidation in a N 2 + C> 2 ambient atmosphere. The 
process results in a preferential oxidation along the 
grain boundary, and hence in the separation of the var- 
ious grain. The final array consists of well localized na- 
nocrystals with a sharp grain size distribution. 
[0044] Figure 3 shows an example of a non-volatile 
memory cell 70 produced using one of the inventive 
processes. In a Silicon semiconductor substrate 50, a 
source 52 and a drain 54 are conventionally produced. 
A thin Silicon Dioxide layer 56 is grown on the semicon- 
ductor substrate 50. A mask is formed on the Silicon Di- 
oxide Iayer56 and an opening produced within the mask 
(mask and opening not shown). The opening roughly 
approximates the distance between the source 52 and 
the drain 54 in this example. Silicon ions are implanted 
into the Silicon Dioxide layer56 and then thermally treat- 
ed in an oxidizing environment to produce an array of 
nanocrystals 60. The size and depth of the nanocrystal 
array will depending on the energy of implantation and 
the number of Silicon ions implanted. 
[0045] After the nanocrystal array has been estab- 
lished, a Polysilicon gate layer 62 is formed on the Sili- 
con Dioxide layer 56. Of course, the source 52 and the 
drain 54 can be formed before or after the growing of 
the Silicon Dioxide layer 56, or even after the formation 
of the Polysilicon gate layer 62. 

[0046] Many advantages are afforded by embodi- 
ments of this invention in comparison with the prior art 
techniques. 

[0047] Low energy ion implantation is an extremely 
reliable process able to be used in the advanced forma- 
tion of semiconductor circuits with little modification of 
existing processes. 

[0048] The low energy ion implantation is a clean 
process, and does not introduce any contaminates such 
as Nitrogen and Hydrogen which are found when a plas- 
ma-assisted process is used. Presence of these con- 
taminates degrades device performance. 
[0049] Nanocrystals that are fully embedded in a ther- 
mally grown oxide can be formed, thus achieving a per- 
fect interface between the nanocrystals and the SiO z 
matrix. This cannot be achieved by the other prior art 
methods since the thermal treatments of non-stechio- 
metric oxides results in Si nanocrystals embedded in a 
SiO x matrix. Non-stechiometric oxides are used in plas- 
ma-enhanced chemical vapor deposition, and in other 
methods. 

[0050] The dimensions of the nanocrystals can be 
carefully controlled by lateral ion diffusion which is ex- 
tremely low at energies below 1 keV. This ensures that 
the Si nanocrystals having diameters as small as 1 to 2 
nm can be regularly formed. 
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[0051] Using a thermal process following ion implan- 
tation can guarantee a process dominated by the nucle- 
ation rather than diffusion-mediated growth. Hence, the 
energy and diffusion of the implant can be used to fix 
the location of the array of Si quantum dots and the av- 
erage dimension of the dots. 

[0052] The process is easily assimilated into the cur- 
rent state of the art production techniques. For example, 
it can be patterned by using implants through a mask, 
thus solving the problems encountered in the etching of 
thin Silicon-rich films. 

[0053] Either a continuous polysilicon layer or a dis- 
tributed array of Silicon nano crystals can be formed by 
properly changing the ion fluence. Additionally, more 
than one separate layer can be formed by performing 
multiple ion implantations having different energies. 
[0054] The dimensions of the quantum dots can be 
controlled by only changing the ion fluence and the ther- 
mal treatments. 

[0055] One non-limiting example of application is the 
fabrication of advanced non -volatile memories in which 
the continuous floating gate is replaced by an array of 
Si quantum dots. The potential innovation in this struc- 
ture (which has been proposed by K. Yano etaL, and by 
S. Tiwari et a/., both cited above) in terms of operation 
voltage and programming times, can be fully explored 
only if a reliable technology for the fabrication of nanom- 
eter scale dots with high throughput and good uniformity 
in size and positions is available. Such technology is af- 
forded by embodiments of the invention. 



Claims 

1 . A process for forming an oxide layer (1 2) containing 
a continuous polysilicon layer (20) comprising: 
forming the oxide layer (12) on a semiconductive 
substrate (1 0), introducing Silicon ions within the 
oxide layer (12), and thermally treating the semi- 
conductive substrate (10) to cause the Silicon ions 
to become the continuous polysilicon layer (20), 
characterised In that the introduction of Silicon 
ions within the oxide layer (12) is by ionic implanta- 
tion of the Silicon ions into the oxide layer (12) at a 
low energy level under 20 keV. 

2. The process of claim 1 wherein the oxide layer (1 2) 
is thermally grown to a thickness of between 1 0 and 
40 nm prior to being implanted. 

3. The process of claim 1 characterized In that the 
energy level of the ionic implantation is between . 1 
and 7 keV. 

4. A process for forming a distributed array of Silicon 
nanocrystals (22) a controlled distance from a first 
top surface (18) of a Silicon Dioxide layer (12) and 
a second controlled distance from a second bottom 



surface of the Silicon Dioxide layer, the process 
comprising: forming a Silicon Dioxide layer (12) on 
the Silicon substrate (10), forming a masking layer 
(14) disposed on the Silicon Dioxide layer (12), 

s forming at least one opening (16) in the masking 
layer (14), implanting Silicon ions through the at 
least one opening (1 6) in the masking layer and into 
the Silicon Dioxide layer (12), and thermally treating 
the silicon substrate (1 0) to cause the Silicon to be- 

10 come the distributed array of Silicon nanocrystals 
(22), characterized in that implanting the Silicon 
ions is performed by ionic implantation at an ioniza- 
tion energy of between 1 keV and 7keV. 

15 5. The process of claim 4 further characterized in 
that a lateral width of the Silicon nanocrystals (22) 
is controlled by controlling the lateral dispersion of 
the implanted Silicon ions. 

20 6. The process of claim 4 characterized in that con- 
trolling the first controlled distance and the second 
controlled distance is performed by changing the 
ion implantation energy levels. 

25 7. The process of claim 4 further characterized In 
that a second distributed array of Silicon nanocrys- 
tals (22) is formed by ionic implantation of further 
Silicon ions at another low ionization energy that is 
different than the ionization energy of the first im- 

30 plantation. 

8. The process of claims 1-7 further characterized in 
that thermally treating the Silicon ions is performed 
at a temperature between 700 and 800°C. 

35 

9. A process for forming an oxide layer containing a 
layer of Silicon nanocrystals (22), comprising: form- 
ing the oxide layer on a semiconductor substrate 
(10), introducing Silicon ions into the oxide layer 

40 (12), and thermally treating the semiconductor sub- 
strate to cause the Silicon ions to form into the Sil- 
icon nanocrystals (22), characterized in that the 
introduction of the Silicon ions into the oxide (12) is 
by ionic implantation having a fluence of 2 X 10 16 / 

45 cm2 at an ionization energy of approximately 1 keV, 
and further characterized in that thermally treating 
the Silicon ions comprises transforming them into 
the Silicon nanocrystals (22) at a temperature of ap- 
proximately 700°C. 

50 

10. A process for forming a non-volatile memory device 
(70) comprising: on a semiconductive substrate 
(50), thermally oxidizing a first portion of the sub- 
strate into a tunnel oxide (56), forming a masking 

55 layer on the tunnel oxide and forming an opening in 
the masking layer, depositing Silicon ions into the 
layer of tunnel oxide (56) through the opening in the 
masking layer, thermally treating the Silicon ions to 
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become a thin layer of Silicon nanocrystals (60), 
forming source (52) and drain (54) regions in the 
substrate (50), and forming a control gate (62) dis- 
posed over the tunnel oxide (56), characterised in 
that the deposition of the Silicon ions into the layer 
of tunnel oxide (56) is achieved through ionic im- 
plantation of the Silicon ions into the tunnel oxide 
(56) at an ionization energy of between 1 keV and 
7keV. 

11. The process of claim 10 further characterized in 
that the thermal treatment of the Silicon ions to be- 
come the thin layer of nanocrystals (60) is per- 
formed at a temperature between 700 and 800°C. 

12. The process of claim 10 further characterized in 
that thermally oxidizing a first portion of the sub- 
strate (50) into the tunnel oxide (56) is performed in 
the presence of Nitrogen gas in order to produce a 
nitrided'tunnel oxide (56). 

13. The process of claims 1-11 further characterized 
in that the thermal treatment is performed in the 
presence of a high concentration of Nitrogen in or- 
der to increase the nucleation of the Silicon ions into 25 
Silicon agglomerates. 

14. The process of claim 13 wherein the high concen- 
tration of Nitrogen reduces the annealing tempera- 
ture necessary to cause agglomeration of the Sili- 
con ions. 

15. The process of claim 14 further characterized In 
that the thermal treatment of the Silicon ions is per- 
formed in a Nitrogen atmosphere. 

16. The process of claims 1-15 further characterized 
in that the ionic implantation of the Silicon ions is 
preferably performed between 1 keV and 5keV. 
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Low energy Si ions 
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